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 Abstract 
 
In this thesis, triblock copolymer micelle with core-shell-corona architecture 
has been applied as a template to fabricating hollow inorganic nanospheres including 
hollow zinc oxide (ZnO) and hollow calcium tungstate (CaWO4), as well as yolk/shell 
nanoparticle like gold@Silica (Au@SiO2). 
The first chapter briefly introduces the background of hollow inorganic 
nanoparticles and yolk/shell nanoparticles. The most concerned aspects include the 
newly developed synthesis methods as well as their potential applications in recent 
years. ABC triblock copolymer micelles, which can work as a template, are also 
introduced in this chapter. 
The second chapter describes the synthesis of hollow ZnO nanospheres by 
templating micelles of poly(styrene-b-acrylic acid-b-ethylene oxide) 
(PS-b-PAA-b-PEO). This polymer forms a micelle with a solid PS core, a 
pH-responsive PAA shell and a PEO corona in aqueous solutions. Zinc chloride 
(ZnCl2) and sodium hydrogen carbonate (NaHCO3) have been used as precursors of 
ZnO. In the synthesis, the PS core acts as a template for cavities of the hollow 
particles, the PAA shell is beneficial for arresting zinc ions for further mineralizing, 
and the PEG corona stabilizes the zinc hydrogen carbonate (Zn(HCO3)2)/polymer 
nanocomposite to prevent secondary aggregate formation. Hollow ZnO nanoparticles 
are obtained after the calcination of the separated (Zn(HCO3)2)/polymer 
nanocomposite at 500 oC for 4 h. The hollow ZnO particles have a spherical shape, a 
narrowly distributed size of 24.7 ± 1.3 nm, and a shell thickness of 6.9 ± 0.7 nm. 
Compared with other methods, the core-shell-corona type micelle template method 
gives hollow ZnO nanoparticles with smaller size (~ 25 nm), narrow size distribution, 
controlled shape, and robust shell, which strongly demonstrates the advantages of this 
synthesis route. 
As introduced in the third chapter, hollow CaWO4 nanospheres with 
well-controlled shape and size are also fabricateded by templating micelles of 
PS-b-PAA-b-PEO in aqueous solutions. Calcium chloride (CaCl2) and sodium 
tungstate (Na2WO4) are used as precursors. By a similar synthesis strategy with 
hollow ZnO, nano-scale sized hollow CaWO4 spheres are obtained. The hollow 
CaWO4 nanospheres have an outer diameter narrowly distributed at 22.7 ± 1.0 nm and 
a shell thickness at 6.7 ± 0.4 nm. To the best of our knowledge, this is the first report 
on successful synthesis of nanometer-sized hollow CaWO4 spheres.  
Chapter 4 describes a novel synthesis route for Au@SiO2 yolk/shell 
nanoparticles by using a template of poly(styrene-b-2-vinyl pyridine-b-ethylene oxide) 
(PS-b-PVP-b-PEO) triblock copolymer micelle with a core-shell-corona architecture 
as a template in aqueous solution. The micelle of PS-b-PVP-b-PEO consists of a 
hydrophobic core from PS block, a pH-responsive shell from PVP block, and a highly 
hydrophilic corona from PEO block. With the assistance of thiol terminated short 
chain polystyrene (PS-SH), 12 nm-sized citrate-stabilized gold nanoparticles are 
encapsulated and fixed in the PS core domain of the PS-b-PVP-b-PEO micelle during 
the solvent exchange, which later works as the template for the cavity. The protonated 
PVP block (pH 4) provides acid catalyst sites for the hydrolysis of silica precursor of 
tetraethyl orthosilicate (TEOS) and growing of silica networks. The hydrophilic PEO 
corona prevents secondary aggregation during the whole process. The 
AuNP/silica/polymer nanocomposite forms after a sol-gel process. After separation of 
the nanocomposite by centrifugation and removal of the polymeric template by 
calcination, Au@SiO2 yolk/shell nanoparticles containing different amount of gold 
yolks (0, 1 or 2) are obtained. In the current experiment, all of the yolk/shell particles 
are spherical with a shell thickness of 5 nm. This method is simple and general, and 
has possibility to be applied to synthesis of other yolk/shell nanoparticles with 
different combinations of yolk and shell materials.  
The major conclusions are summarized in chapter 5. 
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Chapter 1 
 
Introduction 
 
1.1 Introduction of hollow inorganic nanospheres  
Monodisperse hollow spheres have attracted more and more interest in the 
past few decades due to their well-defined morphology, uniform size, low density, 
large surface area, and wide range of potential applications. For instance, the large 
fraction of void space in hollow structures has been used to load and control releasing 
systems for special materials, such as drugs, genes, peptides, spiceries, and biological 
molecules.1 They can also be used to modulate refractive index, to lower density, to 
increase the active area for catalysis and adsorption, to improve the ability of particles 
to withstand cyclic changes in volume, and to expand the array of imaging markers 
suitable for early detection of cancer.2,3 
Inorganic hollow spheres have special optical, optoelectronic, magnetic, 
electrical, thermal, electrochemical, photoelectro-chemical, mechanical, and catalytic 
properties, suggesting that they comprise a more common, more diverse, and probably  
richer class of materials than organic hollow spheres.4 Beginning with the pioneering 
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work carried out by Kowalski and colleagues at Rohm and Haas, 5,6 a variety of 
chemical and physicochemical strategies, including heterophase polymerization 
combined with a sol-gel process,7 emulsion/interfacial polymerization,8-10 
self-assembly,11,12 and surface living polymerization process have been employed to 
prepare inorganic hollow spheres. In particular, the template method is most 
commonly used. 
The attractive characteristics of well-defined morphology, large specific 
surface area, low density, and the optical, electric, and magnetic properties of their 
inorganic components endow them great advantages in applications such as catalysis, 
lithium-ion batteries, biomedical applications, and gas sensors. 13,14 
For catalysis, there have been reports on Suzuki coupling reactions,15 
heterogeneous hydrogenation reactions, Sonogashira reactions, and aerobic oxidation 
etc. using hollow inorganic spheres as catalysts. Moreover, many inorganic hollow 
spheres such as ZnS, carbon, WO3, TiO2, CuO/Cu2O, ZnO-SnO2, and others occupy 
photocatalytic or electrocatalystic properties. 
In lithium-ion batteries, hollow nanomaterials made of Sn, and some transition 
metal oxides have recently been the focus of research into high-energy electrode 
materials.16 
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In biomedical materials, the most important application of inorganic hollow 
spheres is drug loading and delivery.17-18 Magnetic and fluorescent hollow spheres are 
particularly preferred for this purpose.19  
Hollow spheres of semiconducting metal oxides can still find other uses such 
as gas sensing, because their large surface-to-volume ratios significantly enhance gas 
diffusion and mass transport in the sensing layers.20,21  
There are reports on other uses of hollow inorganic spheres. For example, 
inorganic hollow spheres with large specific surface areas, such as those made from 
MgSiO3,22 Mn2O3,23 and CeO224 can be used as adsorbents to remove organic 
pollutants and heavy-metal ions from waste water.  
1.2 Preparation of hollow inorganic nanoparticles 
Until now, there have been numerous reports concerning the preparation of 
hollow inorganic particles. Most of the preparation methods are based on a template, 
which can be further divided into two types: hard template and soft template.  
1.2.1 Hard template methods 
Hard templates are widely applied in synthesis of hollow inorganic particles. 
Polymeric particles, nonmetallic inorganic particles, and metallic particles can be used 
as hard templates. The templates play a highly important role in controlling the final 
shape and size of the inorganic hollow spheres. 
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1.2.1.1 Polymer template 
The most popular common approach to fabricate hollow spheres is probably 
the templating against polymer colloids. One template concerned is colloid 
polystyrene (PS) and its derivatives. In a typical procedure, the template PS particles 
are coated in solution either with controlled surface precipitation of inorganic 
molecule precursors or with specific functional groups to create core-shell composites. 
The PS template is then removed by selective dissolution in an appropriate solvent or 
by calcination at elevated temperature in air, leaving behind hollow spheres. 
Layer-by-layer (LbL) self-assembly, first reported by Caruso et al,25,26 is 
another attractive polymer-based template technique to prepare hollow inorganic 
nanospheres. The principle of this process is based on the electrostatic association 
between alternately deposited, oppositely charged species. As a result of the 
sequential adsorption of polyelectrolytes and oppositely charged nanoparticles, 
multilayered shells are assembles onto the colloidal PS particles. After calcination to 
remove the PS cores, uniformly-sized hollow spheres with various void diameters and 
shell thicknesses can be generated from a variety of inorganic materials, including 
SiO2,25,26 TiO2,27 Mn2O3,28 zeolite,29 and other materials.30  
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1.2.1.2 Inorganic nonmetallic template 
Inorganic nonmetallic templates mainly include carbon and silica particles. 
Carbon spheres have such particular advantages as possessing rich reactive groups 
and ease of removal in templating. Appling carbonaceous polysaccharide spheres as 
templates, many uniform micro/nano-sized hollow spheres of metallic oxides such as 
VO2, Ga2O3, NiO, MnO2 and so on, have been fabricated.31-33 The surfaces of the 
carbonaceous spheres prepared from saccharide starting materials by dehydration 
under hydrothermal conditions, are hydrophilic and functionalized with –OH and 
C=O groups. Upon dispersal of the carbonaceous spheres in metal salt solutions, the 
functional groups on the surface layer are able to bind metal cations through 
coordination or electrostatic interactions. In the subsequent calcination process, the 
surface layers incorporating the cationic metal ions are condensed and cross-linked to 
form oxide hollow spheres.  
Silica is another common inorganic metallic template to prepare hollow 
spheres because it is inexpensive, easily obtainable and controllable in size. The 
reports on inorganic hollow spheres fabricated with silica particles as template include 
nickel hydrosilicate, 34-36 carbon,37 and palladium.38 The general procedure involves 
the coating of silica templates by surface precipitation of suitable inorganic precursors 
and the removal of the silica templates by etching using an alkaline or hydrogen 
fluoride. 
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1.2.1.3 Metallic template 
In contrast to the polymer and inorganic nonmetallic template, the key feature 
of metallic template is that it works as a reactant in the synthesis process. This 
template not only plays the role of scaffold and precursor for the shell, but it is also 
consumed completely during the coating process, which simplifies the preparation 
process. The morphology, void space, and wall thickness of the hollow structures are 
all determined directly by the metal templates. Generally, two formation mechanisms, 
the Kirkendall effect and galvanic replacement, have been used to understand the 
fundamentals of inorganic hollow spheres synthesized by metallic templates.39 
(A) Kirkendall effect.  
The term “kirkendall effect” originally refers to the different atomic diffusive 
rates of binary elements in metals and alloys under thermally activated conditions. 
Due to this difference in metal diffusivities, the generation of porosity in the 
lower-melting component side of the diffusion couple near the interface could create 
hollow structures.40,41 Alivisatos and coworkers first explained the formation of 
hollow nanocrystals of cobalt (Co) oxide and chalcogenides by introduction of 
oxidation or sulfidation reactions on the external surfaces of metallic nanocrystals.42  
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(B) Galvanic replacement.  
By galvanic replacement one can obtain metal nanostructures with 
controllable hollow interiors and porous walls. The key step involves a replacement 
reaction between a suspension of more active metal templates and a salt precursor 
containing a relatively less active metal. Xia and coworkers first described a general 
approach to the generation of nanoscale hollow metal structures (Au, Pt, Pd) with 
well-defined void spaces and homogeneous, highly crystalline walls by reacting 
solutions of appropriate salt solutions with solid templates of silver nanoparticles, a 
more reactive metal.43,44 By using cobalt nanoparticles as templates, hollow 
nanospheres of Ag,45 Pt,46 and Au,47 were prepared through galvanic replacement 
reaction. 
1.2.2 Soft template methods 
The reported soft template in preparation of hollow inorganic nanoparticles 
includes low-molecular-weight polydimethylsiloxane (PDMS) silicone O/W emulsion 
droplets,48,49 W/O micro-emulsion containing n-dodecane as the nonpolar oil phase, 
CTAB as the surfactant and 1-hexanol as the cosurfactant,50,51 phase-transformable 
emulsions composed of natural beeswax,52 water/n-heptane/CTAB nanoemulsions 
and compressed CO2,53 surfactant molecule-formed micelles and closed-bilayer 
aggregates such as vesicles or dynamic nanostructures of surfactant molecules,54-56 
polymer vesicles,57 polymer aggregates and gas bubbles,58-60 and so on. 
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The advantage of soft template methods is that the templates are relatively 
easy to remove.61-63 However, the morphology and monodispersity of the as-prepared 
hollow particles are usually poor due to the deformability of the soft templates. 
Controlling monodisperity and spherical morphology of the inorganic hollow 
structures is the most challenging part of this technique. 
1.2.3  Template-free methods 
Recently, the Ostwald ripening process has been proposed as a template-free 
method to synthesize inorganic hollow spheres. The basic principle of this inside-out 
Ostwald ripening process is that the larger crystals grow from those of smaller size, 
which have higher solubility than the larger ones.64 Within a colloidal aggregate, 
smaller, less crystallized, or less dense crystallites will dissolve into the liquid phase 
as a nutrient supply for the growth of larger, better crystallized, or denser ones. When 
the crystals grow in solution, the concentration of growth units varies across the 
mother solution, due to the size difference of resultant nano-crystals.65,66 With the 
driving force of the minimization of surface energy, metastable nanoparticles 
aggregates occur first due to the reduction of supersaturation in solution. Once the 
particles with different sizes are attached to each other, the large particles begin to 
grow, drawing from smaller ones. Voids gradually form and grow in the cores of the 
large aggregates, and the shell thickness increases owing to the outward diffusion of 
solutes through the permeable shell. 
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The Ostwald ripening mechanism has been used to fabricate hollow spheres of 
a wide range of materials, such as Fe3O4,67,68 SnO2,69 TiO2,70 and so on. 
1.3 Introduction of yolk/shell nanoparticles 
Yolk/shell nanoparticles possess a unique structure that is composed of hollow 
shells encapsulating other particles with an interstitial space between them. This 
structure is different from core/shell one in that the core particle is freely movable in 
the shell.  
1.3.1 Preparation of yolk/shell nanoparticles 
Various methods devoted to synthesis of yolk/shell nanoparticles have been 
reported. Those methods can be basically classified into the two general strategies 
described below. 
One strategy is to form a double or triple shelled solid particle first and then a 
cavity in the inner part next. The preparations are commonly based on 
template-assistant, in which the core particle is coated with double shells with 
different materials first, and then the inner shell is selectively removed using a solvent 
extraction or calcination. 71-75 There are other studies on preparation of yolk/shell 
particles from core/shell nanoparticles through reaction with the shell by the 
Kirkendall effect 76-78 or galvanic replacement process.79,80 Selectively etched core 
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particles to decrease their size has been explored as an alternative way to produce 
these particles. 81 
Sometimes, yolk/shell particle made of the same materials can be obtained as 
the intermediate products by a hydrothermal method through an inside-out Ostwald 
process. 82 In addition, SiO2@SiO2 yolk/shell particles have been prepared through a 
spontaneous dissolution-growth process.83 Besides, a feasible pre-shell/post-core 
method has been demonstrated for the preparation of yolk/shell particles. 84 
Another strategy is that with the assistance of a soft template, shells 
encapsulating core particles can be fabricated simultaneously with a cavity between 
them. Wu and Xu recently reported a simple and general fabrication method of 
yolk/shell structures through a one-step encapsulation of particles by SiO2 shells in 
aqueous mixtures of surfactants.85,86  Various yolk/shell structures with different 
particle cores, such as SiO2@SiO2, Au@SiO2 and Fe2O3@SiO2, have been 
successfully prepared by this method. Furthermore, yolk/shell particles with multiple 
shells can also be obtained by repeating the encapsulation several times. 
1.3.2 Application of yolk/shell nanoparticles 
Compared to hollow nanoparticles, novel properties are introduced into 
yolk/shell nanoparticles. For example, the shells of the yolk/shell nanoparticle could 
act as a protective layer to prevent core particles being released from the shells but 
allow small molecules to permeate to the core particles through the shells, and the 
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hollow space between core particles and shells could also provide room in which the 
core particles can move freely.  
Various combinations of the cores and the shells provide opportunities to tune 
their chemical, optical and other properties, which in turn can expand their potential 
applications. Although the large scale application of yolk/shell nanoparticles is still in 
its infancy, their applications in catalysis 74, 75, 81, 87, lithium ion batteries 88, 89 and 
biomedical area 77 are being developed. 
Because the shell can effectively prevent the core particles from aggregation, 
yolk/shell spheres with catalytic metal cores would have potential applications as 
nanoreactors for catalysis. 74, 75, 81, 87 For example, Au/ZrO2 yolk/shell nanoparticles 
have been used as a model catalyst for CO oxidation because of the high-temperature 
stability of the ZrO2.74,87 Analogously, Pt/C yolk/shell nanoparticles have been used 
for the heterogeneous hydrogenation of olefins with good recyclability.75 In solution 
phase reaction, because a reactant in solution can be readily accessible through the 
shell, these yolk/shell nanoparticles provide a nanoreaction framework. For example, 
Au/SiO2 yolk/shell nanoparticles have been widely tested for the catalytic reaction of 
p-nitrophenol by NaBH4. 91  
Another potential application of the yolk/shell nanoparticles is their 
performance as anode materials of a lithium ion battery. Because of their unique 
structure, some factors that limit the performance of the lithium ion battery would be 
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improved. First, the void space of the hollow shells effectively enhances the capacity 
retention through buffering the local volume change during the lithium 
insertion-deinsertion process, and thus the problem of pulverization of the electrode 
materials is alleviated. Second, the cavities between the yolk and shell also provide a 
space for core particles lithium insertion-deinsertion. These factors can improve the 
cycling performance of the electrode materials. Very recently, Liu successfully 
obtained Si@C yolk/shell structured Si electrode with high capacity, long cycle life, 
and high coulombic efficiency.88 Wan also reported that Sn@C yolk/shell particles 
was used as an anode material for lithium ion batteries with a high volume capacity 
and good cycle performance. 89  
Yolk/shell nanoparticles composed of different materials with unique optical 
or magnetic properties could be used as imaging and diagnosis agents. Meanwhile, the 
large volume of the cavities between yolk and shell also provide room for loading 
drugs, and could then be used as drug-delivery systems. Combining two or more of 
these properties, yolk/shell nanoparticles can be used as multi-functional 
nanoparticles for biomedical applications. For example, Xu’s group found that 
FePt@CoS2 yolk/shell nanoparticles display an exceptionally high toxicity as a potent 
agent to kill HeLa cells.77 Furthermore, the bifunctional FePt@Fe2O3 yolk-shell 
nanoparticles may serve both as an MRI contrast agent and as a potent anticancer 
drug.90 These works indicate that unique yolk-shell nanoparticles may ultimately lead 
to new designs of multifunctional nanostructures for nanomedicine. 
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1.4 ABC triblock copolymer micelle in aqueous solution 
Compared with diblock copolymer micelles, triblock copolymer micelles are 
endowed with more possibilities in their structures, properties as well as potential 
applications, and thus have intrigued high interests in the past two decades. Usually 
there are two types of triblock copolymer, the ABA and ABC type that can 
self-assemble into micelle under certain conditions in aqueous solution. 
The most famous ABA-type micelle is the commercial available Pluronics, 
which have a structure of poly(ethylene oxide-b-propylene oxide-b-ethylene oxide) 
(PEO-b-PPO-b-PEO). This kind of symmetric triblcok copolymers will form micelles 
with similar core-shell architecture as the micelles of diblock copolymers. However 
by using ABC type asymmetric triblock copolymers, novel-structured micelles can be 
obtained as illustrated in Figure 1. They may form micelles with various architectures 
as shown in Figure 1.  We can also change the architectures by modifying the 
polymer chains, solvent, and reaction environment.  As for the core-shell-corona 
structures, the shell layer may provide multi function for the whole system such as a 
reservoir for inorganic precursors or act as nano-reactors.   
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Figure 1.  Schematic diagram of various ABC copolymer micelles: 
Core-shell-corona systems with insoluble shell (a); core-shell-corona systems with 
soluble shell (b); micelles bearing a mixed corona (c) and a segregated corona 
(corona-compartmentalized micelle, d); Janus micelle (e), core-compartmentalized 
micelle (f). 
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One of the typical asymmetric ABC triblock copolymers, poly 
(styrene-b-2-vinyl pyridine-b-ethylene oxide) (PS-b-PVP-b-PEO), has been 
investigated by several groups91-99 and the general molecular skeleton is shown in 
Figure 2.  It was found that frozen micelle is formed in aqueous solution and the 
micelle consists of a hydrophobic PS core, a pH sensitive PVP shell which can be 
protonated at acidic conditions, and the outer hydrophilic PEO corona.  The unique 
property of PVP units makes them to act as functional layer or reaction sites.  When 
pH is higher than 5, PVP chain is hydrophobic so that it cannot dissolve in water and 
a micelle with shrunken shell is obtained.  However adjusting pH below 5, the PVP 
is protonated and the micelle will shift to an extended conformation with an ionized 
hydrophilic PVP shell as shown in Figure 3.  The PVP shells show very good 
adsorption or binding ability for various ions with opposite charge, which lead to the 
shrinkage of PVP shell after the charge neutralization. 
 
Figure 2. Chemical structure of PS-b-PVP-b-PEO triblock copolymer. 
CH 2 CH CH y
 
x
 
N
CH 2 CH 2 CH 2 O z
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Figure 3. Morphology change of micelle of PS-b-PVP-b-PEO copolymer in aqueous 
solution by adjustment of pH value. 
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1.5 Synthesis of inorganic hollow nanoparticles using ABC triblock copolymer 
micelle as a template 
In 2007, a new approach was developed by our group100 by using a template 
micelle of commercially available PS-PVP-PEO to prepare hollow silica 
nanoparticles in aqueous solutions. The micelle gives a morphology with a positive 
PVP shell when the pH is adjusted to 4.  Tetramethoxysilane (TMOS) was used as 
the silica precursor and the hydrolysis of TMOS was catalyzed by the protoanted PVP 
block.101,102 Thus silica wall is formed in the PVP blocks after selective deposition by 
the sol-gel reaction.  After calcination at 500 oC for 4 h to remove the templates, 
hollow silica nanospheres with clear hollow voids were obtained. 
The mechanism of fabrication of silica nanospheres using triblock copolymer 
is illustrated in Figure 4. In this strategy, the PS core of the micelle acts as the 
template of the cavity and the PVP shell serves as reaction site for selective deposition 
of silica while the PEO corona helps to stabilize the hybrid nanoparticles from the 
secondary aggregations.  Based on this result, it has been attempted to further extend 
this method for fabrication of other inorganic hollow nanospheres. The micelles 
morphology was also investigated by systematically changing the PS chain length or 
adding homo polystyrene. Thus obtained hollow silica particles exhibited hollow 
cavities of different sizes indicating the fine control of present method. In addition, 
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the tuning of silica wall thickness was also studied by changing the amount of silica 
precursors employed. 
 
Figure 4. Fabrication of Hollow Silica Nano-sphere from PS-b-PVP-b-PEO Micelle 
 
Another ABC triblock copolymer, poly(styrene-b-acrylic acid-b-ethylene 
oxide) (PS-b-PAA-b-PEO), has also been successfully applied as a template to 
prepare inorganic hollow nanoparticles in our group.103,104 This polymer also forms a 
core-shell-corona type micelle with a PS core, a PAA shell and a PEO corona in 
aqueous solutions. The PAA block is a weak polyelectrolyte that is known to undergo 
a conformal transition from a contracted to an expanded state from above pH 
4.6.105-107 In the synthesis of hollow inorganic nanoparticles, the PS core acts as a 
template for cavities of the hollow, the PAA shell is beneficial for arresting precursors 
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for further mineralizing, and the PEO corona stabilizes the charge-neutralized 
precursor/polymer nanocomposite to prevent secondary aggregate formation. After 
further treatment, we can finally obtaine inorganic hollow nanoparticles. 
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Chapter 2 
 
Synthesis of Hollow Zinc Oxide Nanoparticles by 
Templating Micelles of Poly(styrene-b-acrylic acid- 
b-ethylene oxide) in Aqueous Solutions 
 
 
Spherical hollow zinc oxide (ZnO) nanoparticles have been successfully 
synthesized by templating micelles of poly(styrene-b-acrylic acid-b-ethylene oxide) 
(PS-b-PAA-b-PEO). This polymer forms a micelle with a PS core, a PAA shell and a 
PEO corona in aqueous solutions. Zinc chloride (ZnCl2) and sodium hydrogen 
carbonate (NaHCO3) were used as precursors of ZnO. In the synthesis, the PS core 
acts as a template for cavities of the hollow particles, the PAA shell is beneficial for 
arresting zinc ions for further mineralizing, and the PEG corona stabilizes the zinc 
hydrogen carbonate (Zn(HCO3)2)/polymer nanocomposite to prevent secondary 
aggregate formation. Hollow ZnO nanoparticles were obtained after the calcination of 
the separated (Zn(HCO3)2)/polymer nanocomposite at 500 oC for 4 h. The hollow 
ZnO nanoparticles were characterized by various techniques including transmission 
electron microscopy and X-ray diffraction analysis. The hollow ZnO particles have a 
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spherical shape, a narrowly distributed size of 24.7 ± 1.3 nm, and a shell thickness of 
6.9 ± 0.7 nm. Compared with other methods, the present method gives hollow ZnO 
nanoparticles with smaller size (~ 25 nm), narrow size distribution, controlled shape, 
and robust shell. This result strongly demonstrates the advantages of the present 
synthesis route. 
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2.1 Introduction 
Compared with dense inorganic nanoparticles, hollow inorganic nanoparticles 
possess more beneficial properties, e.g., lower density, larger specific area, additional 
surface permeability, etc. These advantages have intrigued innumerous studies on 
synthesis and applications of various nano-sized inorganic hollow materials.1-4 Zinc 
oxide (ZnO) is a highly important inorganic material with versatile chemical and 
physical properties such as wide band gap, chemical and thermal stability, electronic, 
optoelectronic and piezoelectric properties. As a result, well-tailored nano-sized 
hollow ZnO material is endowed with a wide range of potential applications in fields 
such as solar cells, 5,6 photocatalysts, 7,8 photodetectors,9 gas sensors10 and so on. 
Templating syntheses are the most common approaches to fabricate 
microscale or nanoscale hollow ZnO particles, and examples of reported sacrificial 
templates include ethanol droplets,11 polystyrene (PS) spheres,12,13 Zn5(CO3)2(OH)6 
microspheres,14 carbon spheres,15 and silica (SiO2) spheres16. There are other methods 
reported to produce hollow ZnO particles, e.g., sonochemical methods,17 
hydrothermal reaction,18 self-assembly19,20 and so on. However, as far as we know, 
sizes of the hollow ZnO particles obtained following these methods are seldom below 
100 nm, and it is usually difficult to control the shape. Niu and coworkers have 
obtained hollow ZnO nanoparticles with a size of less than 50 nm by laser ablation,21 
but the uniformity of both hollow sizes and shell thicknesses need to be improved. 
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Recently, we have reported a novel synthesis route to fabricate inorganic 
hollow nanoparticles by templating micelles of poly (styreneb-b-2-vinyl 
pyridine-b-ethylene oxide) (PS-b-PVP-b-PEO) 22,23 or poly(styrene-b-acrylic 
acid-b-ethylene oxide) (PS-b-PAA-b-PEO).24,25 Both of them have a 
core-shell-corona structure in aqueous solutions at room temperature.26 Each micelle 
consists of a glassy and hydrophobic PS core, a pH-responsive and hydrophilic PVP 
or PAA shell, and a hydrophilic PEO corona. The PVP shell has an expanded 
conformation in acidic condition due to electrostatic repulsion among the protonated 
PVP units, and the PAA shell expands in basic condition due to the same repulsion 
among the deprotonated PAA units. We have incorporated anionic precursors into the 
cationic PVP domain and cationic precursors into the anionic PAA domain, followed 
by chemical reactions, and finally obtained inorganic hollow nanoparticles. 
In this work, we apply this synthesis route to fabricate much smaller and more 
uniform hollow ZnO nanoparticles with an outer diameter of 25 nm using 
PS-b-PAA-b-PEO micelle as a template. The precursor zinc ions were arrested on the 
PAA block of the micelles due to the electrostatic attraction. Hydrogen carbonate ion 
(HCO3-) was then introduced to the solution to mineralize the zinc ions and finally 
precipitate this zinc hydrogen carbonate (Zn(HCO3)2) within the micelle template. 
Hollow ZnO nanoparticles were obtained after calcinations at 500 oC to remove the 
polymer template and decompose the Zn(HCO3)2 to ZnO.  Scheme 1 shows a 
procedure for fabricating hollow ZnO nanoparticles from zinc ion and hydrogen 
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carbonate in a template of the PS-b-PAA-b-PEO micelle. The hollow nanospheres 
thus prepared were extensively characterized by techniques including transmission 
electron microscopy, and X-ray diffraction (XRD). 
 
 
Scheme 1. (a) Chemical structure of PS-b-PAA-b-PEO and (b) Synthesis scheme of 
hollow ZnO nanoparticles. 
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2.2 Experimental 
2.2.1 Chemicals 
Poly(ethylene oxide) based macro-chain transfer agent (PEO-CTA, Mn(NMR) 
=2.36 × 103) was prepared according to the reference.27 2.2’-Azobis(isobutyronitrile) 
(AIBN) was recrystallized from methanol. Acrylic acid (AA), 
N,N-dimethylformamide (DMF), and 1,4-dioxane were dried over 4 Å molecular 
sieves and distilled under reduced pressure. Styrene was washed with an aqueous 
alkaline solution and distilled from calcium hydride under reduced pressure. 
Zinc chloride (ZnCl2, Wako, 99.9 %) and sodium hydrogen carbonate 
(NaHCO3, Wako, 99.5 %+) were used without further purification. 
2.2.2 Synthesis of PS-b-PAA-b-PEO triblock copolymer 
Synthesis of PS-b-PAA-b-PEO triblock copolymer was conducted according 
to scheme 2. Acrylic acid was polymerized via reversible addition-fragmentation 
chain transfer (RAFT) radical polymerization using PEO based macro chain transfer 
agent (CTA) to obtain PAA-b-PEO. Then, styrene was polymerized using 
PAA-b-PEO macro CTA to obtain PS-b-PAA-b-PEO. 
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Scheme 2. Synthesis of PS-b-PAA-b-PEO via RAFT radical polymerization. 
 
First, we prepared PAA-b-PEO diblock copolymer as follows. PEO-CTA (1.50 
g, 0.635 mmol, Mn(NMR) = 2.36 × 103), AA (6.90 g, 95.7 mmol), and AIBN (39.6 mg, 
0.241 mmol,) were dissolved in 1,4-dioxane (95 mL). The solution was purged with 
Ar gas for 30 min. Polymerization was carried out at 60 °C for 40 h under Ar gas. 
After polymerization, the obtained polymer was purified by dialysis against pure 
water for two days. The diblock copolymer (PAA116-b-PEO47) was recovered by 
freeze-drying (4.49 g, 53.5 %).  
Styrene (23.3 g, 0.224 mol), AIBN (9.50 mg, 0.0579 mmol), and PAA-b-PEO 
(2.99 g, 0.279 mmol, Mn(NMR) =1.07 × 104) were dissolved in DMF (24 mL). The 
solution was degassed by purging with Ar gas for 30 min. The polymerization was 
carried out at 60 °C for 30 h. The conversion of styrene was 20.6 % determined from 
1H NMR for the polymerization mixture. The polymerization mixture was poured into 
a large excess of ethyl acetate. The precipitate was dialyzed against THF for three 
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days and pure water for a day. The obtained triblock copolymer 
(PS107-b-PAA116-b-PEO47) was recovered by freeze-drying (1.300 g). DP of the PS 
block was 107 as estimated by 1H NMR in DMSO-d6 at 100 °C. Mn(NMR) for the 
triblock copolymer is 2.18 × 104 (Figure 3). We could not perform GPC 
measurements for PS-b-PAA-b-PEO, because the polymer can molecularly dissolve 
only in DMSO at high temperature. 
2.2.3 Prepare core-shell-corona micelles of PS-b-PAA-b-PEO 
A precise amount of PS-b-PAA-b-PEO was dissolved in water and gently 
stirred at room temperature until a clear solution was obtained. The solution was then 
transferred to a volumetric flask to obtain a stock solution (1 g L-1) of 
PS-b-PAA-b-PEO micelles.  
2.2.4 Synthesis of hollow ZnO nanoparticles 
To evaluate the effect of zinc ions on the micelles, different amounts of ZnCl2 
solution (0.1 M) were titrated into a series of micelle solutions of PS-b-PAA-b-PEO 
triblcok copolymer with the same concentration (0.5 g L-1). The amount of added zinc 
ions is expressed in terms of the apparent degree of charge neutralization (DN), 
which is defined as 
DN (%) = Total amount of metal ions (equivalent)
Total amount of the carboxylic groups (equivalent) × 100    (1) 
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During titration, the samples were stirred with a magnetic stirrer to accelerate 
the interaction between the micelles and the zinc ions. The pH of the solution was 
maintained at 9. All samples were stirred at room temperature for 1 day before 
characterizations. 
A typical synthesis of hollow ZnO nanoparticles is described as follows: 0.14 
mL of ZnCl2 (0.1 M) was slowly added to 4 mL of PS-b-PAA-b-PEO micelle solution 
(0.5 g L-1) under stirring. Then 0.14 mL of sodium hydrogen carbonate (NaHCO3, 0.1 
M) was added. The solution pH was maintained at 9 during the process. The micelle 
solution was kept without stirring for 2 days to let the Zn(HCO3)2/polymer composites 
form and precipitate. These composites were separated by centrifugation. After that 
the composite particles were thoroughly washed using water and dried at 80 oC in an 
oven. In the final step, the composite particles were calcined at 500 oC for 4 h, and the 
hollow ZnO nanoparticles were obtained. During this heat treatment, not only the 
polymeric templates were removed but also the Zn(HCO3)2 underwent thermal 
decomposition to form ZnO.28 
2.2.5 Gel permeation chromatography  
Gel permeation chromatography (GPC) measurements were performed using a 
refractive index (RI) detector equipped with a Shodex GF-7M HQ column working at 
40 °C under a flow rate of 0.6 mL/min. A phosphate buffer (pH 8) containing 10 vol % 
acetonitrile was used as eluent. Mn and Mw/Mn were calibrated with standard sodium 
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poly(styrenesulfonate) samples. 
2.2.6 Nuclear magnetic resonance  
 Proton nuclear magnetic resonance (1H NMR) spectra were obtained with a 
Bruker DRX-500 spectrometer operating at 500 MHz.  
2.2.7 Dynamic light scattering measurements 
The dynamic light scattering (DLS) measurements were carried out using an 
Otsuka ELS Z zeta-potential and particle analyzer. All the measurements were carried 
out at 25 oC. The solutions were passed through 0.45 μm cellulose filter before the 
measurements. The scattered light of a vertically polarized He-Ne laser (632.8 nm) 
was measured at an angle of 165° and was collected by an autocorrelator. The 
correlation functions were analyzed by the CONTIN method and used to determine 
the diffusion coefficient (D) of the particles. The hydrodynamic diameter (Dh) was 
calculated from D using the Stokes-Einstein equation: 
     Dh = kBT/(3πηD),                   (2) 
where kB is the Boltzmann constant, T is the absolute temperature and η is the solvent 
viscosity. The polydispersity factor of micelles is represented as μ2/Г2, where μ2 is the 
second cumulant of the decay function and Г2 is the average characteristic line width. 
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2.2.8 Scanning electron microscopy  
Scanning electron microscopy (SEM) images were observed using a JEOL 
JSM-6700F electron microscope at an accelerating voltage of 20 kV, an emission 
current of 20 μA and a working distance of 6 mm. The samples were prepared by 
dropping the micelle solution on to a carbon seal (Nisshin Em Co.) attached to the 
glass plate, followed by drying in air for 1 day at room temperature. 
2.2.9 Transmission electron microscopy  
The transmission electron microscopy (TEM) image was observed using a 
JEOL JEM-2100 electron microscope at an accelerating voltage of 200 kV. Before 
observation, the solid particles were first dispersed in water, and then cast on a copper 
grid. The sample was then dried in air for one day at room temperature. 
2.2.10 X-ray diffraction analysis 
Crystal phase identification of the hollow nanospheres was carried out using a 
Shimadzu-7000 X-ray diffractometer at 40 kV, 30 mA, and with CuKα radiation 
(1.5406 Å). Data were collected in the scan range of 20-80o in the continuous scan 
mode at a scanning speed of 2o min-1 using 0.15 mm receiving slits.  
2.2.11 Fourier transform infrared (FTIR) absorption spectroscopy 
The FTIR spectra were measured with a JASCO FT/IR-7300 spectrometer at 
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room temperature. The samples were prepared as KBr pellets. 
2.2.12 Photoluminescence measurements 
Photoluminescence spectrum was recorded on a JASCO FP-6500 fluorescence 
spectrophotometer.  The sample was sandwiched between two quartz plates, and 
placed in the cell-holder of the fluorescence spectrophotometer at front-face 
configuration. The wavelength of the excitation light was 345 nm. 
 
2.3 Results and discussion 
2.3.1 Characterization of PS-b-PAA-b-PEO triblock copolymer by RAFT 
polymerization 
Number average degree of polymerization (DP) of PAA block was estimated 
from 1H NMR spectrum in DMSO-d6 to be 116. The number-average molecular 
weight, Mn(NMR) for the block copolymer estimated from 1H NMR is 1.07 × 104 
(Figure 1). Mn(GPC) and molecular weight distribution (Mw/Mn) were 2.43 × 104 and 
1.29, respectively (Figure 2). 
DP of the PS block was 107 as estimated by 1H NMR in DMSO-d6 at 100 °C. 
Mn(NMR) for the triblock copolymer is 2.18 × 104 (Figure 3). We could not perform 
GPC measurements for PS-b-PAA-b-PEO, because the polymer can molecularly 
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dissolve only in DMSO at high temperature. 
 
 
Figure 1. 1H NMR spectrum for PAA-b-PEO in DMSO-d6 at room temperature. 
 
 
 
Figure 2. GPC elution curve for PAA-b-PEO using a mixed solvent of phosphate 
buffer and acetonitrile at 40 °C. 
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Figure 3. 1H NMR spectrum for PS-b-PAA-b-PEO in DMSO-d6 at 100 °C. 
 
2.3.2 Characterization of PS-b-PAA-b-PEO micelle 
The PS-b-PAA-b-PEO micelles were characterized by DLS (Figure 4) and 
SEM (Figure 5a). At pH 9, Dh was almost constant (126.5 nm) over the concentration 
range from 0.02 g L-1 to 0.5 g L-1. The polydispersity factor, μ2/Г2, of Dh was found 
between 0.023 and 0.120 (data not shown) for concentration above 0.04 g L-1, 
indicating the micelle size distribution was fairly monodisperse. Once the 
concentration decreased to 0.04 g L-1, the polydispersity index increased to over 0.100. 
This is because it is difficult to obtain reliable data due to weak scattering intensity 
DLS of micelles with low polymer concentrations.  
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Figure 4. Dh of PS-b-PAA-b-PEO micelles at pH 9 as a function of polymeric 
concentration. 
 
To get concrete evidence for micelle formation of PS-b-PAA-b-PEO, we 
measured SEM (Figure 5a) and TEM (Figure 5c) images. From these images it is 
clear that the micelles of PS-b-PAA-b-PEO have a spherical shape. The size 
distribution of the PS-core of PS-b-PAA-b-PEO micelle was also studied by TEM 
(Figure 5d). The bright parts in Figure 5c correspond to the solid PS-cores of the 
micelles, which have an averaged diameter of 27.5 nm.  
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Figure 5. SEM pictures of micelles of PS-b-PAA-b-PEO before (a) and after (b) 
addition of zinc ions (0.1 M). TEM picture of PS-b-PAA-b-PEO micelles stained by 1 % 
phosphotungstic acid (c).  Histogram of the diameters of PS-cores of the micelle (d). 
The samples for SEM and TEM measurement were prepared from solutions which 
contain the polymers and zinc ion at the concentration of 0.5 g L-1 and DN = 260 %, 
respectively. 
 
2.3.3 pH-responsive size change of PS-b-PAA-b-PEO micelles 
Figure 6 shows the variation in Dh of the PS-b-PAA-b-PEO micelle as a 
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function of pH. There was an obvious increase in Dh from 62 nm to 120 nm as pH 
was increased from 3.5 to 6.5. After pH reached 6.5, the Dh remained almost constant. 
This is explained by the conformational change of the PAA block. The PAA block is a 
weak polyelectrolyte that is known to undergo a conformal transition from a 
contracted to an expanded state from above pH = pKa ≈ 4.6.29-31 This conformational 
change is induced by the repulsion among the carboxylate anion groups. When pH is 
below 4, almost all the carboxylate groups are protonated, and the PAA block is 
contracted, leading to smaller values of Dh. As pH increases, the PAA block expands 
in water because the carboxylic group changes from protonated to deprotonated forms. 
This leads to an increase in Dh value. When pH has increased to 6.5, almost all the 
carboxylic groups of the PAA chains are deprotonated, and the Dh value is nearly 
stable when pH further increases to 11. This is in accordance with a report of Xu and 
coworkers on pH-responsiveness of PAA block in amphiphilic copolymer 
assemblies.32 
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Figure 6. Dh of micelles of PS-b-PAA-b-PEO as a function of pH. The polymer 
concentration was 0.1 g L-1. 
2.3.4 Complexation of zinc ions with micelles 
The complexation of zinc ions with PAA homopolymer in an aqueous solution 
has been investigated.33,34 Similar complexation seems to be expected in the PAA 
block of PS-b-PAA-b-PEO. When zinc ions are introduced into PS-b-PAA-b-PEO 
micelle solutions under basic conditions, they will interact with the deprotonated PAA 
block due to electrostatic attraction and coordination interaction, leading to a 
formation of zinc-incorporated micelles. As the negative charges on the PAA block 
are gradually neutralized by the positive zinc ions, the PAA block would undergo a 
conformational change from an expanded to contracted form. In order to confirm that, 
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we titrated the PS-b-PAA-b-PEO micelle solution with zinc ions, and studied the 
change in Dh during the process (Figure 7). The amount of the titrated zinc ions were 
expressed by DN. When DN was increased from 0 to 120 %, the Dh of the micelle 
continuously decreased from 128 nm to less than 70 nm, which was attributed to the 
contraction of PAA block. As DN was further increased to 400 %, the Dh of the 
zinc-incorporated micelle remained almost constant. This result has provided 
evidence for the complexation of the zinc ions with the PAA shell of the micelle. The 
dispersion stability was also studied. In our experiment, when DN did not exceed 
300 %, the micelles with zinc ions were well dispersed for more than a week. 
However, when DN increased to 300 %, the micelles with zinc ions formed small 
amounts of aggregates after 3 days.  
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Figure 7. Dh of zinc-incorporated PS-b-PAA-b-PEO micelle as a function of DN. The 
polymer concentration was 0.3 g L-1 and pH was kept at 9 during the titration and 
measurement. 
 
The polydispersity factor, μ2/Г2, of Dh lies between 0.07 and 0.14 in the whole 
range of DN, indicating that the size distribution of the zinc-incorporated micelles 
was fairly monodisperse during the titration. The morphology of PS-b-PAA-b-PEO 
micelle before (Figure 5a) and after (Figure 5b) the addition of zinc ions were 
observed by SEM. According to Figure 5b, the shape of micelles remained spherical 
after the addition of zinc ions. A slight decrease in the micelle size after addition of 
zinc ions is noted from the SEM images, which is in accordance with the decrease of 
Dh in DLS measurements.  
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2.3.5 Fabrication and characterization of hollow ZnO nanospheres 
We added NaHCO3 to Zn2+/PS-b-PAA-b-PEO micelle solutions to get 
Zn(HCO3)2/PS-b-PAA-b-PEO nanocomposites, and characterized the nanocomposites 
by DLS and SEM measurements (Figure 8). The Zn(HCO3)2/micelle nanocomposites 
have an average hydrodynamic diameter of 93.4 nm (polydispersity index 0.152, DN 
100 %) (Figure 8b). The Zn(HCO3)2/micelle nanocomposites have a nearly-spherical 
shape as seen from the SEM image (Figure 8a). 
 
Figure 8. SEM image of Zn(HCO3)2/PS-b-PAA-b-PEO nanocomposites (a) and 
histogram of  hydrodynamic diameter of Zn(HCO3)2/PS-b-PAA-b-PEO 
nanocomposites (b). 
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Hollow ZnO nanoparticles were obtained after calcination of 
Zn(HCO3)2/micelle nanocomposites. The morphology of hollow ZnO nanoparticles 
obtained was observed by TEM (Figure 9a). The hollow ZnO nanoparticles have a 
spherical shape and a narrowly distributed outer diameter at 24.7 ± 1.3 nm (Figure 9b). 
The thickness of the shell is 6.9 ± 0.7 nm (Figure 9c).  
 
 
Figure 9. TEM image (a), histogram of the outer diameter (b), and shell thickness (c) 
of obtained hollow ZnO nanoparticles. The TEM image was measured  after 
calcination at 500 oC for 4 h. 
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Removal of the polymeric template was confirmed by FTIR spectra of the 
hollow ZnO nanoparticles before and after the calcination (500 oC, 4h), as shown in 
Figure 10. The disappearance of the vibrational bands of the polymer main chain 
(around 2900 cm-1) and the C=C vibrational band of the phenyl ring (around 1600 
cm-1) after the calcination indicated the complete removal of the polymeric template. 
The crystalline characteristics of obtained hollow ZnO nanoparticles were 
investigated by XRD analysis. The XRD patterns are shown in Figure 11. The XRD 
pattern of the hollow ZnO nanoparticles indicates the formation of zincite by 
comparison with a standard diffraction pattern of zincite (ICDD 00-036-1451). The 
peaks correspond to the diffractions from lattice planes as marked in Figure 11. No 
characteristic peaks of other ZnO crystal form are detected, thus indicating that the 
hollow ZnO nanoparticles are of zincite phase. It should be noted that the XRD peaks 
become intense and sharp when the calcination temperature is increased. This implies 
that the zincite phase grows by calcination at higher temperature. 
It is well known that ZnO crystals emit photoluminescence in ultraviolet to 
visible region, and the luminescence has been used in a variety of fields such as 
vacuum fluorescent displays,35 gas sensors,36 and immunoassays37. The prominent 
bands are located around 370 nm (UV), 540 nm (green), and 600 nm (yellow). The 
band around 370 nm is assigned to bound-exciton.38 The bands around 540 nm and 
600 nm are assigned to emissions from crystal defects and oxygen vacancies, 
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respectively.39 However, there is still considerable controversy about the 
assignments.40-45   
We observed photoluminescence spectrum of powder sample of hollow ZnO 
nanoparticles at room temperature (Figure 12). The spectrum is represented by two 
band regions: one is strong bands centered at 390 nm, and the other is weak and 
structured bands ranging from 450 to 500 nm. The band at 390 nm seems to be 
ascribed to bound-exciton, and the group of weak bands from 450 to 500 nm seems to 
originate from defect levels. However, it is currently difficult to give concrete 
evidence to such assignments of these bands. These issues of the photoluminescence 
spectra of the hollow ZnO nanospheres will be extensively studied in future work. 
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Figure 10. FTIR spectra of hollow ZnO nanoparticles (a) before and (b) after 
calcinations (500 oC, 4h). 
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Figure 11. Powder XRD pattern of hollow ZnO nanoparticles after calcination: (a) at 
500 oC for 4 h; (b) at 500 oC for 8 h; (c) at 800 oC for 4 h; (d) at 1000 oC for 4 h. 
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Figure 12. Photoluminescence spectrum of powder sample of hollow ZnO 
nanoparticles at room temperature. The sample was excited at 345 nm. 
 
2.4  Conclusions  
We have successfully applied a polymer micelle as a soft template to 
synthesize hollow ZnO nanoparticles. The obtained hollow ZnO nanoparticles have a 
spherical shape with a narrowly distributed size at 24.7 ± 1.3 nm and a shell thickness 
at 6.9 ± 0.7 nm. Compared with hollow ZnO particles in earlier reports,11-21 the 
present hollow ZnO nanoparticles have small size (~ 25 nm), narrow size distribution, 
controlled shape, and robust shell. This fact strongly demonstrates the advantages of 
the present synthesis route. 
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Chapter 3 
 
Synthesis of Nanometer-sized Hollow Calcium 
Tungstate Particles by Using Micelles of 
Poly(styrene-b-acrylic acid-b-ethylene oxide)as a Soft 
Template 
 
 
Hollow calcium tungstate (CaWO4) nanospheres with well-controlled shape 
and size have been successfully synthesized for the first time by templating micelles 
of poly(styrene-b-acrylic acid-b-ethylene oxide) (PS-b-PAA-b-PEO). This polymer 
forms a micelle with a PS core, a PAA shell and a PEO corona in aqueous solutions. 
Calcium chloride (CaCl2) and sodium tungstate (Na2WO4) were used as precursors of 
CaWO4. In the synthesis, the PS core acts as a template for cavities of the hollow 
particles, the PAA shell is beneficial for arresting calcium ions for further 
mineralizing, and the PEO corona stabilizes the CaWO4/polymer nanocomposite to 
prevent secondary aggregate formation. The hollow CaWO4 nanoparticles have a 
spherical shape with an outer diameter narrowly distributed at 22.7 ± 1.0 nm and a 
shell thickness at 6.7 ± 0.4 nm. 
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3.1 Introduction 
Compared with dense inorganic nanoparticles, hollow inorganic nanoparticles 
possess more beneficial properties, e.g., lower density, larger specific area, additional 
surface permeability, etc. These advantages have intrigued innumerous studies on 
synthesis and applications of various nano-sized inorganic hollow materials.1-4 
Metal tungstate materials have attracted growing research efforts over the past 
two decades owing to their important properties and applications in 
photoluminescence, microwave applications, optical fibers, scintillator materials, 
humidity sensors, magnetic materials, and catalysts.5-7 Among this metal tungstate 
family, calcium tungstate (CaWO4) is an important optical material, which has 
attracted particular interest because of its importance in practical applications such as 
tunable photoluminescence and sensor for dark matter search.8-10 
To date, most of the previous efforts of nano/micro-structured CaWO4 
preparation have been directed to CaWO4 nanodots,11,12 nanorods,11,13,14 solid 
microspheres,15 and hollow microspheres.16 For example, Hernandez-Sanchez et al. 
prepared CaWO4 nanodots through solution precipitation method.11 Chen et al. 
reported the solvothermal synthesis of CaWO4 nanorods with diameters of about 20 
nm and lengths of 100-250 nm in the presence of PEG-200.13 However, as far as we 
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know, no work has been reported on the preparation of nanometer-scaled CaWO4 
hollow spheres. 
Recently, we have reported a novel synthesis route to fabricate 
nanometer-sized hollow silica spheres by templating micelles of poly 
(styrene-b-2-vinyl pyridine-b-ethylene oxide) (PS-b-PVP-b-PEO).17 The micelle 
consists of a glassy and hydrophobic PS core, a pH-responsive PVP shell, and a 
hydrophilic PEO corona in aqueous solutions. We have incorporated silica precursors 
into the cationic PVP domain, followed by sol-gel reactions, and finally obtained 
hollow silica nanospheres after removing the polymer template by calcination. In this 
method, each block has its own function in the synthesis of the hollow silica 
nanospheres.  The core acts as a template of the void space, the shell works as a 
nano-reactor of the precursor of silica, and the corona stabilizes the precursor/polymer 
composites by steric repulsion to prevent secondary aggregate formation.  Thus, it is 
possible to control the void space diameter and the inorganic wall thickness, 
respectively, by changing the chain lengths of the core-forming and shell-forming 
blocks. After that, we have expanded our approach to various inorganic materials to 
demonstrate that the method is versatile.18-21 
In this work, we apply this synthesis route to fabricating nanometer-sized 
hollow CaWO4 nanospheres using micelle of poly(styrene-b-acrylic acid-b-ethylene 
oxide) (PS-b-PAA-b-PEO) as a template. Scheme 1 shows a procedure for fabricating 
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hollow CaWO4 nanospheres from calcium (Ca2+) ions and tungstate (WO42-) ions. The 
precursor Ca2+ ions were arrested on the PAA block of the micelles due to the 
electrostatic attraction. WO42- ions were then introduced to the solution to mineralize 
the Ca2+ ions to CaWO4 within the micelle template. Hollow CaWO4 nanoparticles 
were obtained after removing the polymer template by calcination at 500 oC. 
 
Scheme 1. (a) Chemical structure of PS-b-PAA-b-PEO and (b) synthesis scheme of 
hollow CaWO4 nanospheres. 
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3.2 Experimental 
3.2.1 Chemicals 
PS-b-PAA-b-PEO triblock copolymer with DP of PS, PAA, PEO blocks as 107, 
116, 47, respectively. Synthesis of this triblock copolymer was described in 2.2.2.  
Calcium chloride (CaCl2, Katayama Chemical Co., Inc., 95%) and sodium 
tungstate (VI) dihydrate (Na2WO4·2H2O, Kanto Chemical Co., Inc., 99.0 % ~ 100.0%) 
were used without further purification. 
3.2.2 Prepare core-shell-corona micelles of PS-b-PAA-b-PEO 
A precise amount of PS-b-PAA-b-PEO was dissolved in water and gently 
stirred at room temperature until a clear solution was obtained. The solution was then 
transferred to a volumetric flask to obtain a stock solution (1 g L-1) of 
PS-b-PAA-b-PEO micelles.  
3.2.3 Synthesis of hollow CaWO4 nanoparticles 
To evaluate the effect of calcium ions to the micelles, different amount of 
CaCl2 solution (0.1 M) was titrated into a series of PS-b-PAA-b-PEO micelle 
solutions (0.5 g L-1). The amount of added calcium ions is expressed in terms of the 
apparent degree of charge neutralization (DN), which is defined as 
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DN(%) = Total amount of calcium ions in equivalent unit
Total amount of the carboxylic groups in equivalent unit × 100.        (1) 
During titration, the samples were stirred by a magnetic stirrer to accelerate the 
interaction between the micelle and the calcium ions. The pH of the solution was 
maintained at 9. All samples were stirred at room temperature for 1 day before DLS 
and zeta potential measurements. 
A typical synthesis of hollow CaWO4 nanosphere synthesis is described as 
follows: CaCl2 (0.1 M) was added dropwise into 5 mL of PS-b-PAA-b-PEO micelle 
solution (0.5 g L-1) under stirring at room temperature. The amount of added calcium 
ions was adjusted to DN 270 %. The solution pH was maintained at 9 during the 
whole process. Then equal amount of Na2WO4 (0.1 M) was added to the calcium 
chelated micelle solution and leave the solution undisturbed for 2 days until white 
composite particles precipitated at the bottom of the solution. These white particles 
were separated by centrifugation, washed twice by deionized water and dried at 50 oC 
for 24 h in an oven. After that, the dried particles were calcined at 500 oC for 4 h to 
obtain the final hollow CaWO4 nanospheres.  
3.2.4 Gel permeation chromatography  
Gel permeation chromatography (GPC) measurements were performed using a 
refractive index (RI) detector equipped with a Shodex GF-7M HQ column working at 
40 °C under a flow rate of 0.6 mL/min. A phosphate buffer (pH 8) containing 10 vol % 
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acetonitrile was used as eluent. Mn and Mw/Mn were calibrated with standard sodium 
poly(styrenesulfonate) samples. 
3.2.5 Nuclear magnetic resonance  
 Proton nuclear magnetic resonance (1H NMR) spectra were obtained with a 
Bruker DRX-500 spectrometer operating at 500 MHz.  
3.2.6 Dynamic light scattering measurements 
The dynamic light scattering (DLS) measurements were carried out using an 
Otsuka ELS Z zeta-potential and particle analyzer. All the measurements were carried 
out at 25 oC. The solutions were passed through 0.45 μm cellulose filter before the 
measurements. The scattered light of a vertically polarized He-Ne laser (632.8 nm) 
was measured at an angle of 165° and was collected by an autocorrelator. The 
correlation functions were analyzed by the CONTIN method and used to determine 
the diffusion coefficient (D) of the particles. The hydrodynamic diameter (Dh) was 
calculated from D using the Stokes-Einstein equation: 
     Dh = kBT/(3πηD),                   (2) 
where kB is the Boltzmann constant, T is the absolute temperature and η is the solvent 
viscosity. The polydispersity factor of micelles is represented as μ2/Г2, where μ2 is the 
second cumulant of the decay function and Г2 is the average characteristic line width. 
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3.2.7 Scanning electron microscopy  
Scanning electron microscopy (SEM) images were observed using a Hitachi 
SU-1500 electron microscope at an accelerating voltage of 25 kV. The samples were 
prepared by dropping the micelle solution on to a carbon seal (Nisshin Em Co.) 
attached to the glass plate, followed by drying in air for 1 day at room temperature.  
3.2.8 Transmission electron microscopy  
The transmission electron microscopy (TEM) image was observed using a 
JEOL JEM-2100 electron microscope at an accelerating voltage of 200 kV. Before 
observation, the solid particles were first dispersed in water, and then cast on a copper 
grid. The sample was then dried in air for one day at room temperature. 
3.2.9 Thermogravimetric analysis 
A simultaneous thermogravimetric analysis (TGA) carried using a 
SEIKO-6300 TG/DTA instrument at the heating rate of 10 °C/min in air. 
3.2.10 X-ray diffraction analysis 
Crystal phase identification of the hollow nanospheres was carried out using a 
Shimadzu-7000 X-ray diffractometer at 40 kV, 30 mA, and with CuKα radiation 
(1.5406 Å).  Data were collected in the scan range of 10-80o in the continuous scan 
mode at a scanning speed of 2o min-1 using 0.15 mm receiving slits.  
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3.2.11 Fourier transform infrared (FTIR) absorption spectroscopy 
The FTIR spectra were measured with a JASCO FT/IR-7300 spectrometer at 
room temperature. The samples were prepared as KBr pellets. 
 
3.3 Results and discussion 
3.3.1 Complexation of Ca2+ ions with micelles 
The complexation of Ca2+ ions with PAA homopolymer anions in an aqueous 
solution has already been investigated.26-28 Similar complexation can be expected for 
the PAA block of PS-b-PAA-b-PEO. When Ca2+ ions are introduced into 
PS-b-PAA-b-PEO micelle solutions under basic conditions, they will interact with the 
deprotonated PAA block due to electrostatic attraction and coordination interaction, 
leading to a formation of Ca2+-incorporated micelle. As the negative charges on the 
PAA block are gradually neutralized by the positive Ca2+ ions, the PAA block would 
undergo a conformational change from an expanded to contracted form. In order to 
confirm that, we titrated the PS-b-PAA-b-PEO micelle solution with Ca2+ ions, and 
studied the change in Dh value during the process (Figure 1). The solution pH was 
kept at 9 during the whole process to guarantee a complete deprotonation of all 
acrylate units on the PAA block. The amount of the titrated Ca2+ ions was expressed 
by DN. When DN was increased, the Dh of the micelle first decreased from 126.8 nm 
 69 
 
at DN = 0 % to 76.8 nm at DN = 280 %, which is attributed to the contraction of PAA 
block. After DN reached 280 %, the Dh of the Ca2+-incorporated micelle remained 
almost constant. This result has provided evidence for the complexation of Ca2+ ions 
with the PAA shell of the micelle.  
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Figure 1. Changes in Dh of PS-b-PAA-b-PEO micelle during titration with CaCl2 
solution at pH 9.  The concentration of PS-b-PAA-b-PEO is 0.5 g L-1 in all samples. 
 
The polydispersity factor, μ2/Г2, of Dh lies between 0.02 and 0.12 in the whole 
range of DN, indicating that the hydrodynamic diameter of the PS-b-PAA-b-PEO 
micelles keeps uniform during the incorporation of Ca2+ ions. The morphology of 
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PS-b-PAA-b-PEO micelles titrated with different amount of Ca2+ ions was observed 
under SEM (Figure 2). Figure 2b-2d show that the shape of micelles remained 
spherical even after the addition of Ca2+ ions. A slight decrease in the micelle 
diameter is noted from these SEM images during the titration process, which is in 
accordance with the decrease of Dh in DLS measurements. The PS-core of the micelle 
can be distinguished from TEM image (Figure 3) due to the increased contrast after 
incorporating Ca2+ ions into the PAA shell. The dark periphery in Figure 3 
corresponds to PAA shell containing Ca2+ ions.  The PS-core has a spherical shape 
with a diameter of 24.0 nm in average. 
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Figure 2. SEM images of PS-b-PAA-b-PEO micelles before and after titration of 
Ca2+: (a) DN=0%, (b) DN=80%, (c) DN=200% and (d) DN=270%. The concentration 
of PS-b-PAA-b-PEO is 0.5 g L-1 in all samples. 
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Figure 3. TEM image of Ca2+-incorporated PS-b-PAA-b-PEO micelles with DN of 
300 %. 
 
3.3.2 Fabrication of hollow CaWO4 nanospheres 
The hollow CaWO4 nanospheres obtained was observed under TEM (Figure 
3). The hollow CaWO4 nanospheres are quite uniform in shape and diameter. The 
outer diameter is narrowly distributed at 22.7 ± 1.0 nm, and the shell thickness is 
distributed at 6.7 ± 0.4 nm. It is noted that although the PS-core is a template of the 
cavity, the cavity of the hollow CaWO4 nanospheres (Figure 4) is smaller compared 
with the PS-core of Ca2+-incorporated micelle (Figure 3). This is ascribed to the 
shrinking of the particles during the calcination.  Such a shrinking of inorganic shell 
of hollow particles has been reported for other materials.17,29,30 
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Figure 4. TEM image of hollow CaWO4 nanoparticles. 
 
Removal of the polymeric template was confirmed by FTIR spectra of the 
hollow CaWO4 nanospheres before and after calcination (500 oC, 4 h), as shown in 
Figure 5. The disappearance of the vibrational bands of the polymer main chain 
(around 2900 cm-1) and the C=C vibrational band of the phenyl ring (around 1600 
cm-1) after the calcination indicates the complete removal of the polymeric template.   
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Figure 5. FTIR spectra of hollow CaWO4 nanoparticles (a) before and (b) after 
calcination (500 oC, 4 h). 
 
Thermogravimetric analysis (TGA) for CaWO4/PS-b-PAA-b-PEO 
nanocomposites during calcination also provides with evidence of the removal of the 
template polymer (Figure 6). The initial part of the TGA curve slightly declines when 
the temperature increases from room temperature to 200 oC. This is due to desorption 
of absorbed water molecules. The sharp weight loss observed for temperature range 
from 300 oC to 450 oC shows decomposition of the template polymer. 
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Figure 6. TGA graph of CaWO4/PS-b-PAA-b-PEO nanocomposites. 
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Figure 7. XRD pattern of CaWO4 before (a) and after (b) calcination at 500 oC. 
 
3.4 Conclusions 
In conclusion, we have successfully synthesized nanometer-sized hollow 
CaWO4 nanoparticles by using a polymer micelle as a soft template. The obtained 
hollow CaWO4 nanoparticles have a spherical shape and a narrowly distributed size at 
22.7 ± 1.0 nm; the shell thickness is around 6.7 nm. To the best of our knowledge, this 
is the first report where a nanometer-sized CaWO4 sphere with a hollow interior has 
been synthesized. 
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Chapter 4 
 
Synthesis of Au@SiO2 Yolk/Shell Nanoparticles by 
Templating Micelles of Poly(styrene-b- 
2-vinylpyridine-b-ethylene oxide) in Aqueous 
Solutions 
 
In this study, a novel synthesis route for gold@silica (Au@SiO2) yolk/shell 
particles has been developed by using poly(styrene-b-2-vinyl pyridine-b-ethylene 
oxide) (PS-b-PVP-b-PEO) triblock copolymer micelle with a core-shell-corona 
architecture, as a template in aqueous solution.  
The micelle of PS-b-PVP-b-PEO consists of a hydrophobic core from PS 
block, a pH-responsive shell from PVP block, and a highly hydrophilic corona from 
PEO block. With the assistance of thiol terminated short chain polystyrene (PS-SH), 
citrate-stabilized gold nanoparticles are encapsulated and fixed in the PS core domain 
during the micelle formation of PS-b-PVP-b-PEO, which works as the template for 
the cavity. The protonated PVP block (pH 4) provides acid catalyst sites for the 
hydrolysis of silica precursor of tetraethyl orthosilicate (TEOS) and lets the silica 
network grow. The hydrophilic PEO corona prevents secondary aggregation during 
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the whole process. After a sol-gel process, the AuNP/silica/polymer nanocomposite 
forms. By removing the polymeric template by calcination, Au@SiO2 yolk/shell 
nanoparticles were obtained.  
The obtained yolk/shell nanoparticles were characterized by various 
techniques including transmission electron microscopy (TEM), dynamic light 
scattering (DLS), UV-Vis spectrophotometry, FTIR spectrophotometry and X-ray 
diffraction (XRD).  
The proposed method is simple and general, and seems to be applied to the 
synthesis of other yolk/shell nanoparticles with different combinations of yolk and 
shell materials.  
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4.1 Introduction 
Yolk/shell nanoparticle, also named as rattle-type particles, is composed of a 
movable core and a shell with a cavity between them. This kind of particles have 
combined properties of the yolk and shell parts and thus have potential applications in 
areas such as catalysis,1-4 lithium ion batteries,5,6 bio-sensing,7 etc. There have been 
various methods developed for the synthesis of yolk/shell nanoparticles. Among them 
the template method1,8-13 and Kirkendall method14-16 are the most popular.  
In this study, we have developed a novel synthesis route for gold@silica oxide 
(Au@SiO2) yolk/shell particles by applying poly(styrene-b-2-vinyl pyridine- 
b-ethylene oxide) (PS-b-PVP-b-PEO) triblock copolymer micelle, which has a 
core-shell-corona architecture, as a template in aqueous solution. With the assistance 
of thiol terminated short chain polystyrene (PS-SH), citrate-stabilized gold 
nanoparticles are encapsulated and fixed in the PS core domain during the micelle 
formation of PS-b-PVP-b-PEO, which works as the template for the cavity. The 
protonated PVP block (pH 4) provides acid catalyst sites for the hydrolysis of silica 
precursor of tetraethyl orthosilicate (TEOS) and lets the silica network grow. The 
hydrophilic PEO corona prevents secondary aggregation during the whole process. 
After a sol-gel process, the AuNP/silica/polymer nanocomposite forms. By removing 
the polymeric template by calcination, Au@SiO2 yolk/shell nanoparticles are 
obtained.  
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The fabrication route for the yolk/shell nanoparticles is described in Scheme 1. 
The obtained yolk/shell nanoparticles were characterized by various techniques 
including transmission electron microscopy (TEM), dynamic light scattering (DLS), 
UV-Vis spectrophotometry, FTIR spectrophotometry and X-ray diffraction (XRD).  
This method is simple and general, and seems to be applied to the synthesis of 
other yolk/shell nanoparticles with different combinations of yolk and shell materials.  
 
Scheme 1. Synthesis route of Au@SiO2 yolk/shell nanoparticles by using micelle of 
PS-b-PVP-b-PEO triblock copolymer as a template. 
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4.2 Experimental 
4.2.1 Chemicals 
PS-b-PVP-b-PEO (PDI 1.05) and thiol terminated polystyrene (PS-SH, PDI 
1.10) were both purchased from Polymer Source. Inc. and used as obtained. The 
molecular weights of the PS, PVP, and PEO blocks of PS-b-P2VP-b-PEO were 45.0 k, 
16.0 k, and 8.5 k, respectively. The PS-SH has a molecular weight of 1500 and a thiol 
functionality of more than 98 %.  
Tetraethyl orthosilicate (TEOS, 98%), gold(III) chloride trihydrate (HAuCl4•
3H2O, 99.9+ %) and Sodium citrate tribasic dihydrate (99.0+ %) were purchased from 
Sigma-Aldrich Co.. N, N-dimethylformamide (DMF) was purchased from Wako Pure 
Chemicals and used without purification. Phosphotungstic acid hydrate 
(P2O5·24WO3·xH2O) was obtained from Alfa Aesar and used as received. 
4.2.2 Synthesis of citrate-stabilized gold nanoparticles 
Gold nanoparticles (Au NPs) were synthesized by sodium citrate reduction of 
HAuCl4. In a representative synthesis, a 250 mL flask was charged with 100 mL of 
HAuCl4 (0.01% in H2O). This solution was heated to reflux for 10 min, and then 3 mL 
of sodium citrate (1% in H2O) was added to the solution. After refluxing the solution 
for an additional 30 minutes, a deep-red gold nanoparticle solution was obtained.  
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4.2.3 Prepare core-shell-corona micelles of PS-b-PVP-b-PEO 
0.05 g of PS-b-PVP-b-PEO was dissolved in 4.5 mL of DMF in a flask, and 
then 0.5 g of H2O was dropwise added. The solution was gently stirred at room 
temperature for 1 day and dialyzed against H2O to remove the DMF solvent. After 
that, the solution was transferred and diluted in a 50 mL-standard-volume flask to get 
a stock micelle solution of PS-b-PVP-b-PEO with a polymeric concentration of 1 g 
L-1.  
4.2.4 Prepare gold-incorporated core-shell-corona micelle of PS-b-PVP-b-PEO 
1 mL of citrate-stabilized gold nanoparticles were transferred from aqueous 
solvent into 0.8 mL of DMF after centrifugation freshly before mixing with 0.1 mL of 
PS-b-PVP-b-PEO (10 g L-1 in DMF) and 0.1 mL of PS-SH (10 g L-1 in DMF). The 
solution was stirred for 1 day at room temperature. Then, 0.25 mL of H2O was added 
under stirring. The solution was stirred at room temperature for another day and then 
dialyzed against H2O to remove the DMF solvent. Thus, the gold-incorporated 
micelle of PS-b-PVP-b-PEO was obtained. The final polymeric concentration was 
0.76 g L-1. 
 
 
 86 
 
4.2.5 Fabrication of Au@SiO2 yolk/shell nanoparticles 
A typical synthesis of Au@SiO2 yolk/shell nanoparticle is described as follows.  
First, pH of the aqueous solution of gold-incorporated micelle of PS-b-PVP-b-PEO 
was adjusted to 4 by dilute hydrochloric acid (0.1 M). Then, a precise amount of 
TEOS was added into the solution, and the mixture was stirred for 3 days. The molar 
ratio of TEOS: 2-vinyl pyridine = 20:1. The solution of the template micelle and the 
precursor was then stored for 4 more days without stirring to allow the silica network 
to be formed by the sol-gel reaction. After the sol-gel reaction was completed, the 
obtained AuNP/silica/PS-b-PVP-b-PEO composite particles were separated from the 
solvent by centrifugation (at 6000 rpm) and dried at 50 oC for 10 hours. The template 
polymer was removed from the composites by calcination. The temperature of the 
furnace was raised to 500 oC at the rate of 2 oC/min and kept at 500 oC for 4 h in air. 
Thus, the Au@SiO2 yolk/shell nanoparticles were obtained. 
4.2.6 Dynamic light scattering measurements 
The dynamic light scattering (DLS) measurements were carried out using an 
Otsuka ELS Z zeta-potential and particle analyzer. All the measurements were carried 
out at 25 oC. The solutions were passed through 0.45 μm cellulose filter before the 
measurements. The scattered light of a vertically polarized He-Ne laser (632.8 nm) 
was measured at an angle of 165° and was collected by an autocorrelator. The 
correlation functions were analyzed by the CONTIN method and used to determine 
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the diffusion coefficient (D) of the particles. The hydrodynamic diameter (Dh) was 
calculated from D using the Stokes-Einstein equation: 
     Dh = kBT/(3πηD),                   (1) 
where kB is the Boltzmann constant, T is the absolute temperature and η is the solvent 
viscosity. The polydispersity factor of micelles is represented as μ2/Г2, where μ2 is the 
second cumulant of the decay function and Г2 is the average characteristic line width. 
4.2.7 Scanning electron microscopy  
Scanning electron microscopy (SEM) images were observed using a JEOL 
JSM-6700F electron microscope at an accelerating voltage of 20 kV, an emission 
current of 20 μA and a working distance of 6 mm. The samples were prepared by 
dropping the micelle solution on to a carbon seal (Nisshin Em Co.) attached to the 
glass plate, followed by drying in air for 1 day at room temperature. 
4.2.8 Transmission electron microscopy  
The transmission electron microscopy (TEM) image was observed using a 
JEOL JEM-2100 electron microscope at an accelerating voltage of 200 kV. Before 
observation, the solid particles were first dispersed in water, and then cast on a copper 
grid. The sample was then dried in air for one day at room temperature.  
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4.2.9 Fourier transform infrared (FTIR) absorption spectroscopy 
The FTIR spectra were measured with a JASCO FT/IR-7300 spectrometer at 
room temperature. The samples were prepared as KBr pellets. 
4.2.10 UV-Vis spectroscopy 
The UV-Vis absorbance spectra were obtained using a Hitachi U-3900 
spectrophotometer. 
 
4.3 Results and discussion 
4.3.1. Characterization of PS-b-PVP-b-PEO micelle 
The PS-b-PVP-b-PEO aqueous micelles were characterized by DLS (Figure 1), 
SEM (Figure 2a) and TEM (Figure 2b).  
At pH 6.5, Dh was almost constant (65 nm) over the concentration range from 
0.2 g L-1 to 2.5 g L-1. The polydispersity factor, μ2/Г2, of Dh was found between 0.15 
and 0.22 (data not shown) for concentration above 0.2 g L-1, indicating the micelle 
size distribution was fairly monodisperse. Once the concentration decreased to 0.1 g 
L-1, Dh of the micelle abruptly increased to over 100 nm. This may be due to the fact 
that it is difficult to obtain reliable data for micelles at low concentrations because of 
weak scattering intensity.  
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To get concrete evidence for micelle formation of PS-b-PVP-b-PEO, we 
measured SEM (Figure 2a) and TEM (Figure 2b) images. From these images it is 
clear that the micelles of PS-b-PVP-b-PEO have a spherical shape. Because of the 
glassy PS core, the micelles are expected to be kinetically frozen in water at room 
temperature. The bright parts in Figure 2b correspond to the solid PS-cores of the 
micelles, which have a diameter distributed at 22.3 ± 1.2 nm. 
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Figure 1. Dh of PS-b-PVP-b-PEO micelles at pH 6.5 as a function of polymeric 
concentration. 
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Figure 2. SEM picture of micelles of PS-b-PVP-b-PEO (a) and TEM picture of 
PS-b-PVP-b-PEO micelles stained by 1 % phosphotungstic acid (b). 
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4.3.2. pH-responsive size change of PS-b-PVP-b-PEO micelles 
Figure 3 shows the variation in Dh of the PS-b-PVP-b-PEO micelle as a 
function of pH. As pH decreased from 5 to 3, the hydrodynamic size of the micelle 
increased from 80 nm to 110 nm. This is consistent with the protonation of the PVP 
blocks, which results in intra- and inter-segmental electrostatic repulsion.  
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Figure 3. Dh of micellaes of PS-b-PVP-b-PEO as a function of pH. The polymer 
concentration was 0.5 g L-1. 
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4.3.3. Fabrication of gold-incorporated core-shell-corona micelle of 
PS-b-PVP-b-PEO 
The citrate-stabilized gold nanoparticles synthesized through a sodium citrate 
reduction method have a red color. The shape of the gold nanoparticles is 
approximately spherical with an average diameter of 12.1 nm in TEM image (Figure 
4a). The distribution of diameter is studied in Figure 4b. The aqueous solution of gold 
nanoparticles obtained have a surface plasmon resonance absorption peak at 519 nm 
(Figure 5).  
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Figure 4. TEM image of synthesized gold nanoparticles stabilized by sodium citrate 
(a). Histogram of the diameters of gold nanoparticles observed by TEM (b). 
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Figure 5. UV-Vis absorption spectrum of aqueous solution of citrate-coated gold 
nanoparticles with a diameter of 12 nm.  
 
In DMF, citrate-coated nanoparticles can disperse well and keep stable for 
weeks. The initial slow addition of H2O into the DMF solution containing 
citrate-coated gold nanoparticle, triblock copolymer and thiol-terminated PS 
homopolymer caused the ingredients to self-aggregate, forming a core-shell-corona 
type composite micelle consisting of a gold-encapsulated PS core, a PVP shell, and a 
PEO corona. After the further addition of H2O and removal of DMF by dialysis, the 
PS chains became frozen and the structure of the composite micelle became stable.  
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Compared with Dh of the pure micelle of PS-b-PVP-b-PEO (65 nm) in the 
same condition, the Dh of the AuNP-incorporated composite micelle was increased to 
244 nm. The size difference is mainly due to the existence of homo PS in the core. 
Besides, it seems large composite micelles are formed in this system. 
The SEM image (Figure 6a) exhibits the morphology of the composite micelle 
with a spherical shape. The TEM images (Figure 6b,c) provide strong evidence for the 
gold encapsulation in the PS core of the core-shell-corona micelle. “Empty” PS cores 
(without gold nanoparticles) with a smaller size (Figure 6b) also exist. It is interesting 
that the PS cores with the double (figure 6c) or even triple (data not shown) 
gold-nanoparticles are obtained. The ratio of Au-encapsulated micelle to the empty 
micelle is about 10 % in the current condition.  It is necessary to improve the 
condition to increase yield of the yolk-shell nanoparticles. 
In our experiment, thiol terminated homo PS was first bound to the gold 
nanoparticles which enhances the gold nanoparticles to be encapsulated in the PS core 
domain of the PS-b-PVP-b-PEO micelle. This can be explained in two aspects: first, 
the thiol end group can easily react with the gold surface, thus replacing the citrate 
stabilizer; on the other hand, the homo PS chain is highly compatible with the PS 
block of the triblock copolymer which helps the incorporation of the gold 
nanoparticles during the self-assembly caused by the solvent exchange. It is worth 
mentioning that for small-sized citrated-coated gold nanoparticles, the thick layer of 
 96 
 
negatively charged citrate ions hinders the access of the thiol group of homo PS to the 
gold surface.  Therefore, centrifugation was applied to strip off the excess citrate 
ions before the solvent exchange. 
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Figure 6. SEM (a) and TEM (b,c) images of AuNP-incorporated micelle of 
PS-b-PVP-b-PEO.  
4.3.4. Fabrication of Au@SiO2 yolk/shell nanoparticles 
The AuNP-incorporated core-shell-corona micelle of PS-b-PVP-b-PEO in 
aqueous solution seemed to work as a good template to prepare Au@SiO2 yolk/shell 
particles. There was an obvious increase in Dh (from 175 nm to 244 nm) after the pH 
of the composite micelle was decreased from 6 to 4. This was because that the PVP 
blocks were easily protonated when the pH was adjusted to 4, and the shell of the 
composite micelle thus took a conformal transition from a contracted to an expanded 
state due to the intra- and inter-segmental electrostatic repulsion. 
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 The protonated PVP block works as an acid catalysis site for the hydrolysis 
of TEOS; in addition, at pH 4, the silica takes a negative charge, thus can strongly 
bind to the protonated PVP block. As a result, the hydrolyzed TEOS is selectively 
deposited on the PVP block. In the following sol-gel process, the silica network grows 
in the PVP block. The highly hydrophilic PEO blocks prevent secondary aggregation. 
- PEO block does not seem to maintain the spherical shape of the composite micelle, 
because its chain is flexible in aqueous solutions. 
Morphology of the obtained Au@SiO2 yolk/shell nanoparticles was studied by 
TEM (Figure 7). All of the Au@SiO2 yolk/shell nanoparticles have a nearly spherical 
shape with a shell thickness of ~ 5 nm. However, there is distribution in the outer 
diameter of the shells. From the TEM images, we found several types of the 
Au@SiO2 particles: some particles contain single yolk and the outer diameter is 50 
nm in average (Figure 7a), while the other particles contain double yolks and have a 
larger outer diameter (Figure 7b). The “empty” particles, or hollow SiO2 particles, 
seem to be unavoidable in this synthesis route. We notice that all of the gold 
nanoparticles have moved from the center of the core (Figure 6b,c) to the boundary of 
the SiO2 shell, which indicates the removal of the PS template and the hollow nature 
of the interior part of the Au@SiO2 yolk/shell nanoparticles. 
Removal of the polymeric template was confirmed by FTIR spectra of the 
Au@SiO2 yolk/shell nanoparticles before and after the calcination (500 oC, 4h), as 
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shown in Figure 8. The disappearance of the vibrational bands of the polymer main 
chain (around 2900 cm-1) and the C=C vibrational band of the phenyl ring (around 
1600 cm-1) after the calcination indicates the complete removal of the polymeric 
template. 
The size and shape of the gold nanoparticles during the whole synthesis keeps 
stable. But the location of the surface plasmon resonance absorption peaks are 
different between the gold nanoparticles in the template micelles and those in 
yolk/shell nanoparticles (Fig. 9). As their surrounding environment and the distances 
between each particle changed during the synthesis route, the surface plasmon 
resonance absorption peak seems to be shifted. 
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Figure 7. TEM images (a,b) of Au@SiO2 yolk/shell nanoparticles obtained after 
calcination at 500 oC for 4 h. 
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Figure 8. FTIR spectrums of Au@SiO2 yolk/shell nanoparticles before (a) and after 
(b) calcination at 500 oC for 4 h. 
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Figure 9. UV-Vis absorption spectrums of Au@SiO2 yolk/shell nanoparticles (in red, 
peak 531 nm) and gold-incorporated composite micelle of PS-b-PVP-b-PEO (in black, 
peak 544 nm). 
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4.4 Conclusions 
Triblock copolymer PS-b-PVP-b-PEO forms a core-shell-corona type micelle 
in aqueous solutions. This micelle has been applied to a template to fabricate 
Au@SiO2 yolk/shell nanoparticles in aqueous solutions. The obtained Au@SiO2 
yolk/shell nanoparticles contain different amount of gold yolks (0, 1 or 2). In the 
current experiment, all of the yolk/shell particles are spherical with a shell thickness 
of 5 nm. The size of gold nanoparticle yolk is 12 nm, and the shell thickness is 5 nm 
for all of the yolk/shell particles. However, the outer diameter of single-yolk particles 
is ~50 nm, while that of double-yolk particles is relatively larger. The size and shape 
of the gold nanoparticles keeps stable, and its surface plasmon resonance absorption 
remains during the whole synthesis. However, the location of the surface plasmon 
resonance absorption peak shifts to some extent during the synthesis due to the 
change in the environment of the gold nanoparticles. 
To the best of our knowledge, this is the first study where a triblock copolymer 
micelle with a core-shell-corona architecture has been applied to a template to 
fabricate yolk/shell particles. The method is simple and general, and seems to be 
applicable to the synthesis of other yolk/shell nanoparticles with different 
combinations of yolk and shell materials.  
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Chapter 5  
 
Summary 
 
The main strategy of this thesis is to apply triblock copolymer micelles with 
core-shell-corona architectures as a template to fabricating inorganic hollow 
nanospheres as well as inorganic yolk/shell nanoparticles. Following this strategy, 
hollow ZnO nanospheres, hollow CaWO4 nanospheres, and Au@SiO2 yolk/shell 
nanoparticles have been obtained. 
Both PS-b-PVP-b-PEO and PS-b-PAA-b-PEO triblock copolymer can form a 
micelle with a core-shell-corona structure in aqueous solutions at room temperature. 
The PS-b-PVP-b-PEO micelle consists of a glassy and hydrophobic PS core, a 
pH-responsive and hydrophobic PVP shell, and a hydrophilic PEO corona, while the 
PS-b-PAA-b-PEO micelle contains pH-responsive and hydrophilic PAA shell. The 
PVP shell has an expanded conformation in acidic condition due to electrostatic 
repulsion among the protonated PVP units, while the PAA shell expands in basic 
condition due to the electrostatic repulsion among the deprotonated PAA units. We 
can incorporate anionic precursors into the cationic PVP domain and cationic 
precursors into the anionic PAA domain to use these shell as a nano-reactor to 
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produce inorganic materials.  The PS core acts as a template of the cavity of the 
hollow particles and the PEO corona prevents the aggregation of the intermediate 
polymer-precursor nanoparticles. 
Hollow ZnO nanospheres have been obtained by templating micelles of 
PS-b-PAA-b-PEO. ZnCl2 and NaHCO3 have been used as precursors. In the synthesis, 
the PS core acts as a template for cavities of the hollow particles, the PAA shell is 
beneficial for arresting zinc ions for further mineralizing, and the PEG corona 
stabilizes the zinc hydrogen carbonate (Zn(HCO3)2)/polymer nanocomposite to 
prevent secondary aggregate formation. Hollow ZnO nanoparticles are obtained after 
the calcination of the separated (Zn(HCO3)2)/polymer nanocomposite at 500 oC for 4 
h. The hollow ZnO particles have a spherical shape, a narrowly distributed outer 
diameter of 24.7 ± 1.3 nm, and a shell thickness of 6.9 ± 0.7 nm. Compared with other 
methods, the present method gives hollow ZnO nanoparticles with smaller size (~ 25 
nm), narrow size distribution, controlled shape, and robust shell, which strongly 
demonstrates the advantages of this synthesis route. 
Hollow CaWO4 nanospheres with well-controlled shape and size are also 
fabricateded by templating micelles of PS-b-PAA-b-PEO in aqueous solutions. 
Calcium chloride (CaCl2) and sodium tungstate (Na2WO4) are used as precursors. By 
a similar synthesis strategy with hollow ZnO particles, nanometer-sized hollow 
CaWO4 spheres are obtained. The hollow CaWO4 nanospheres have an outer diameter 
narrowly distributed at 22.7 ± 1.0 nm and a shell thickness at 6.7 ± 0.4 nm. To the 
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best of our knowledge, this is the first report on successful synthesis of 
nanometer-sized hollow CaWO4 spheres.  
A novel synthesis route for Au@SiO2 yolk/shell nanoparticles has been 
proposed by using PS-b-PVP-b-PEO triblock copolymer micelle with a 
core-shell-corona architecture as a template in aqueous solutions. With the assistance 
of short chain PS-SH, 12 nm-sized citrate-stabilized gold nanoparticles are 
encapsulated in the PS core domain of the template PS-b-PVP-b-PEO micelle during 
the micelle formation. The protonated PVP block (pH 4) acts as a nano-reactor and an 
acid catalyst for the hydrolysis of silica precursor (TEOS) to yield silica networks. 
The hydrophilic PEO corona prevents secondary aggregation during the whole 
process. The AuNP/silica/polymer nanocomposite forms after a sol-gel process. After 
separation of intermediate particles form bulk solvent by centrifugation, and removal 
of the polymeric template by calcination, Au@SiO2 yolk/shell nanoparticles 
containing different amount of gold yolks (0, 1 or 2) are obtained. In the current 
experiment, all of the yolk/shell particles are spherical with a shell thickness of 5 nm. 
This method is simple, general, and quite convenient, and thus seems to be applied to 
the synthesis of other yolk/shell nanoparticles with different combinations of yolk and 
shell materials.  
 
 
 
